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We propose a scheme for realizing subwavelength electromagnetic diode by employing cascading nonlinear
meta-atoms. One-way response is demonstrated on a microwave transmission line comprising of three metallic
ring resonators acting as meta-atoms and a varactor as the nonlinear medium inclusion. Experiments show
that our implementation can operate simultaneously as forward diode and backward diode at different fre-
quencies. A transmission contrast of up to 14.7dB was achieved between forward and backward transmission.
Subwavelength size of our diode should be useful for miniaturization of integrated optical nanocircuits.
Time-reversal invariance means that the laws of
physics have the same mathematical form even when time
is reversed. In optics, this means that light propaga-
tion in the forward direction is the same as in the back-
ward direction. While most optical systems are time-
reversal invariant, nonreciprocal optical systems are of
fundamental interest in optical physics because of their
one-way nature. One-way electromagnetic (EM) trans-
mission, or the optical diode effect, has been extensively
investigated in nonlinear photonic crystals and optical
waveguides1–11, for instance, by tuning the band edge1,2
or defect mode5.
With the rapid development of fabrication technol-
ogy, a new era of subwavelength nanophotonics is ap-
proaching. The realization of one-way transmission func-
tionalities within a subwavelength volume is indispens-
able for all-optical logic components in integrated op-
tical nanocircuits or metactronics12. Metamaterials re-
fer to artificial materials with properties unattainable in
nature13–16. These artificial materials usually consist of
subwavelength-sized metallic resonant building blocks as
meta-atoms17,18, which yield electric or/and magnetic re-
sponses. The local resonances of the meta-atoms and
mutual coupling among them enable the amplification of
evanescent waves at a subwavelength scale. As such, they
can produce strong EM nonlinearity with assistance of
strong localization and confinement of the EM field19–26.
In this paper, we demonstrate a meta-atomic system that
can operate as a subwavelength electromagnetic diode
(SED). We employ a microwave transmission line com-
prising of three metallic ring resonators and nonlinear
medium inclusion to conceptually demonstrate the one-
way response of cascading nonlinear meta-atoms for SED
by properly harvesting the antisymmetric mode of meta-
atoms under near-field excitation. Our experiments show
that the SED can operate simultaneously as a forward
diode and a backward diode at different frequencies. A
contrast ratio of up to 14.7dB is achieved between for-
ward and backward transmission. The SED sample is
only about one fifth of the operational free-space wave-
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length.
Figure 1 schematically illustrates our theoretical model
of cascading nonlinear meta-atoms. The gap between
the two identical meta-atoms (orange) on the left is filled
with nonlinear medium (purple bar). In principle, there
exists an antisymmetric mode with respect to two iden-
tical meta-atoms in close proximity, for example, a pair
of closely spaced metal particles27. The antisymmetric
mode is established when the surface charges on identical
meta-atoms are oscillated out of phase at on-resonance
condition, giving rise to a maximized voltage gradient
between the meta-atoms. Given that the gap is very nar-
row, the local electric field (voltage gradient) between the
meta-atoms can be several orders larger than the incident
field. A third meta-atom (red) on the right will intro-
duce spatial asymmetry to the model system along the
direction of the aligned meta-atoms. The induced surface
charge density on the meta-atoms will differ depending
on the side from which the excitation waves approach,
as will the strength of the local electric field inside the
gap. The arrows and curves in Fig. 1 denote forward and
backward excitation and the corresponding local electric
fields within the gap. When the antisymmetric mode
is excited, the strength of local electric fields inside the
gap can be very large for incidence from the left (blue),
causing a giant nonlinear response that is tunable by the
input power as well as the gap size, whereas it is small for
incidence with same amplitude from the right (green). As
a consequence, the asymmetric nonlinear feedback gives
rise to a one-way response.
FIG. 1. Schematic of a cascading nonlinear meta-atomic
model and local electric fields enhanced on the nonlinear
medium inside the gap between the two meta-atoms on the
left under forward (solid) and backward (dotted) excitation.
2Photograph of our sample model is shown in Fig. 2(a).
Three closely spaced metallic ring resonators (MRRs) are
evanescently coupled on a transmission line and act as
meta-atoms. A silicon hyperabrupt varactor (Infineon
BBY52) acting as nonlinear medium is loaded between
two identical rectangular MRRs. The sample is fabri-
cated and deposited on a printed circuit board (PCB),
which has a metal sheet attached to the back. The
PCB substrate is 0.5mm thick and has a dielectric con-
stant of ǫr = 2.2. The metal strip is 0.5mm wide, the
width and length of the two identical rectangular MRRs
are w1 = 2.5mm and l1 = 15.5mm, and those of the
third square one are w2 = 10.5mm and l2 = 9.5mm.
The gaps between adjacent MRRs are g1 = 0.8mm and
g2 = 0.5mm in size. The total length of our cascading
meta-atomic model is 18.3mm. We perform full wave
simulations with a finite integration technique (FIT)
based electromagnetic solver (CSTMicrowave Studio) for
all the numerical calculations. In our experiments, an
Agilent 83017A amplifier and an HP 8493C attenuator
are adopted at the input and output ports of an Agi-
lent N5244A vector network analyzer for power control,
transmission spectra in forward and backward directions
are measured by reversing the samples.
As a comparative study, we also fabricate a sample of
two-resonator system without the third square MRR. We
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FIG. 2. (a) Photograph of our sample cascading meta-atomic
diode. Geometric parameters are denoted by white letters.
(b) Chart of surface currents at 3.56GHz on the metallic
strips inside the solid frame on the photograph. (c) Trans-
mission spectra of the sample diode (dashed: calculated) and
the comparison model (solid: calculated, dotted: measured).
Inset illustrates strength of the local electric field on the ca-
pacitor as a function of frequency under forward (solid) and
backward (dotted) excitation. Input power fed through the
transmission line is fixed at 1V/m.
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FIG. 3. (a) Backward and forward transmission spectra
T
−
(f) and T+ (f) at input powers ranging from 6dBm to
12dBm. (b) Transmission difference ∆T = T
−
− T+ at input
powers ranging from 13dBm to 17dBm. Insets show peaks
around 3.52GHz and dips around 3.75GHz.
Figure 2(c) presents the calculated and measured trans-
mission spectra of the two-resonator sample (black solid
and dotted lines, respectively). The peak position mea-
sured at 3.56GHz agrees well with calculations in which
a fixed value of 2.5pF is assigned to the capacitor. The
peak can also be observed in the calculated [red dashed
line in Fig. 2(c)] and measured [see Fig. 3(a)] spec-
tra of our sample diode. As Fig. 2(b) shows, surface
currents at the peak frequency of 3.56GHz, strongly lo-
calized around the gap, oscillate in antiphase on the two
rectangular MRRs. This is rightly a picture of the anti-
symmetric mode [with red arrows in Fig. 2(b) denoting
the anti-aligned surface currents oscillated on the adja-
cent MRRs]. The voltage gradient inside the gap, i.e.,
the strength of the local electric field on the capacitor,
is calculated as a function of frequency for fixed input
power of 1V/m. The inset of Fig. 2(c) shows that the
voltage gradient reaches a maximum of about 100kV/m
for forward excitation (from left to right) as shown by
the solid blue curve, whereas it is only about 6kV/m for
backward excitation (from right to left), as shown by the
green dotted line. The large contrast in local fields with
respect to different excitation direction demonstrates a
substantial nonreciprocal optical response owing to the
field enhancement of the antisymmetric mode.
The backward and forward transmission spectra T
−
(f)
and T+ (f) are measured in the range of −10 ∼ 25dBm of
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FIG. 4. Contrast ratio cg of forward and backward transmis-
sion at 3.52GHz and 3.75GHz versus input power.
input power. With increasing input power, the varactor
will undergo a much higher voltage drop under forward
excitation than under backward excitation. Figure 3(a)
shows the spectra in the frequency range of .4∼3.9GHz
for input powers ranging from 6dBm to 12dBm. The
frequency shift of the antisymmetric mode is very sen-
sitive to the input power of forward excitation [see dots
in Fig. 3(a)]. The peak around 3.58GHz at input power
of 6dBm shifts to 3.69GHz at input power of 12dBm,
whereas the resonant peak is almost fixed at 3.52GHz
under backward excitation at different input power lev-
els [for clarity, only the backward transmission spectrum
at input power of 12dBm is shown, see the solid line in
Fig. 3(a)]. Thus, the transmission is nonreciprocal in
this frequency range, as predicted for SED. The feature
can be visualized more clearly in the spectra of log-scaled
transmission difference . The peaks around 3.52GHz and
the dips around 3.75GHz in Fig. 3(b) explicitly indicate
that our cascading meta-atomic structure can operate si-
multaneously as a backward diode and a forward diode
around these two frequencies.
The SED performances at 3.52GHz and 3.75GHz
can be evaluated by the contrast ratio of forward and
backward transmission magnitudes, defined as cg =
(T
−
− T+) / (T− + T+)
4. The ratio at 3.52 GHz, shown
as a dotted line with circles in Fig. 4, is a monotonic in-
creasing function about the input power until it reaches a
saturation value of 0.934 at 15dBm. Note that the peak
frequency in the forward transmission spectra (see Fig.
3) increases monotonically with increasing input power
below 15dBm. At input powers higher than 15dBm, the
transmission shows bistable behavior. This can be con-
firmed by checking the evolution of the peaks and dips
around 3.52GHz and 3.75GHz, respectively, shown in the
insets in Fig. 3(b) for input powers ranging from 13dBm
to 17dBm. We also see that the ratio at 3.75GHz reaches
a saturation value of -0.853 at input power of 15dBm.
Note that the model SED of 18.3mm is only about one
fifth of operational free-space wavelength at 3.52GHz and
less than a quarter of the wavelength at 3.75GHz.
In summary, a cascading meta-atomic SED is pro-
posed and implemented on a microwave transmission
line. Three MRRs in tandem loaded with one varactor
constitute a system of cascading nonlinear meta-atoms.
Our experiments prove that the sample system can si-
multaneously operate as a backward diode and a forward
diode in two different frequency ranges. The local electric
field (100kV/m) between the meta-atoms is enhanced to
about five orders of magnitude larger than the incident
field (1V/m). Strong localization and confinement of EM
fields in a subwavelength volume derived from the an-
tisymmetric mode is instrumental for the realization of
SED at low working power. Our findings are beneficial
for miniaturization of nonlinear optical components for
metamaterial-inspired optical nanocircuits12.
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